Two Bacillus species were studied which produced bioemulsifiers; however, they were distinctly different compounds. Bacillus sp. strain IAF 343 produced unusually high yields of extracellular biosurfactant when grown on a medium containing only water-soluble substrates. The yield of g/liter was appreciably better than those of most of the biosurfactants reported previously. This neutral lipid product, unlike most lipid biosurfactants, had significant emulsifying properties. It did not appreciably lower the surface tension of water. On the same medium, Bacillus cereus IAF 346 produced a more conventional polysaccharide bioemulsifier, but it also produced a monoglyceride biosurfactant. The bioemulsifier contained substantial amounts of glucosamine and originated as part of the capsule layer. The monoglyceride lowered the surface tension of water to 28 mN/m. It formed a strong association with the polysaccharide, and it was necessary to use ultrafiltration to effect complete separation. The removal of the monoglyceride caused the polysaccharide to precipitate. It is suggested that earlier reports of biopolymers which both stabilized emulsions and lowered surface tension were actually similar aggregates of lipid and bioemulsifier.
Two Bacillus species were studied which produced bioemulsifiers; however, they were distinctly different compounds. Bacillus sp. strain IAF 343 produced unusually high yields of extracellular biosurfactant when grown on a medium containing only water-soluble substrates. The yield of g/liter was appreciably better than those of most of the biosurfactants reported previously. This neutral lipid product, unlike most lipid biosurfactants, had significant emulsifying properties. It did not appreciably lower the surface tension of water. On the same medium, Bacillus cereus IAF 346 produced a more conventional polysaccharide bioemulsifier, but it also produced a monoglyceride biosurfactant. The bioemulsifier contained substantial amounts of glucosamine and originated as part of the capsule layer. The monoglyceride lowered the surface tension of water to 28 mN/m. It formed a strong association with the polysaccharide, and it was necessary to use ultrafiltration to effect complete separation. The removal of the monoglyceride caused the polysaccharide to precipitate. It is suggested that earlier reports of biopolymers which both stabilized emulsions and lowered surface tension were actually similar aggregates of lipid and bioemulsifier.
Both the lowering of the surface tension of water and the stabilization of oil and water emulsions can be accomplished by using biological materials. A large variety of biosurfactants have been reported (3, 8, 16, 20, 23) . In fact, any lipid probably has some degree of surface activity (3; D. G. Cooper and B. G. Goldenberg, Appl. Environ. Microbiol., submitted for publication). Most lipids are minor components of a cell, however. To have commercial potential as a biosurfactant, a lipid must be produced in high yield to reduce cost and must be excreted into the medium to facilitate efficient product recovery (2, 3, 7) .
Most of the bioemulsifiers that have been characterized have been polymeric, usually polysaccharides (1, 3, 16, 19, 20, 24; Cooper and Goldenberg, submitted). Several polymeric biosurfactants have been reported to both stabilize emulsions and significantly lower surface tension (8, 17, 20, 22) . It is possible, however, that further fractionation of the crude products would isolate different components that are responsible for each activity (17; Cooper and Goldenberg, submitted).
Often, the extracellular surfactant isolated from a hydrocarbon fermentation is a mixture of carboxylic acids and neutral lipids such as esters, alcohols, and glycerides (4, 8, 9, 11, (14) (15) (16) . In general, the yields have been poor and no one component has predominated. Traditionally, hydrocarbons have been the substrates of choice to produce biosurfactants and bioemulsifiers, as it was assumed that these compounds were produced to aid metabolism of the oil (11-13, 17. 18, 20-23 (Fig. 1) . A control experiment, in which the emulsion was broken by centrifuging, did not alter the concentration of carbohydrate or protein in the medium, showing that these were not extracted into the oil phase.
Ultrafiltration of the cell-free broth resulted in a filtrate with a low surface tension and no emulsifying capability. Again, the surfactant could be removed from the filtrate by chloroform extraction. The polymer that did not pass through the membrane precipitated but was still a good emulsifier. Recombining the filtrate lipid with the polymer resolubilized the compound.
Electrophoresis of the precipitate revealed more than 10 components. Most of these had molecular weights between 70,000 and 100,000. Samples were incubated with pronase until no protein components remained in the electrophoresis lane. None of these treated polymers showed any loss of emulsifyng activity.
Characterization of lipid from B. cereus. The lipid extracted by chloroform from the dialysate was identical to that extracted from the cell-free broth. Results of TLC (Table 1) Figure 3 shows the results of the emulsion test performed on shake flask samples after the removal of biomass and then pH adjustment. Between pH 4 and 8 the samples emulsified 60% of the kerosene added. A value of 60% after 24 h compares favorably with values for other emulsifiers reported previously (4) (5) (6) .
At pH values greater than 9 or less than 3 the emulsion index was halved, and no emulsion formed above pH 11. Samples that were adjusted to above pH 11 and then neutralized did not regain the ability of stabilizing emulsions.
The minimum surface tension obtained for the emulsifier in water was 53 mN/m.
A single extraction of the cell-free broth with chloroform completely removed its ability to emulsify. The lipid residue, after the chloroform was removed, was first analyzed by TLC ( The methyl esters obtained from the unknown ester were compared by gas chromatography with standards. The unknown was a mixture of three saturated carboxylic acids. The position of the three components, their relative compositions, and the position of the appropriate standard are presented in Table 2 .
Fermentations. Several fermentations were done with B. cereus. Figure 4 shows the results when the pH was maintained at 6.5. The bioemulsifier concentration and E24 value were slightly behind the biomass curve. The maximum polymer concentration was 1.6 g/liter. The monoglyceride production was late in the fermentation and the minimum surface tension was not reached until a day after the exponential growth phase was over.
Increasing the pH of the fermentation to 7.0 did not affect monoglyceride production or the concentration of polymer (1.7 g/liter). The broth samples, however, did not stabilize emulsions unless the pH of a sample was lowered from 7.0 to 6.5. of pH on the activity of the emulsifier from B.
In a fermentation without pH control the fermentor pH dropped to 5.5 during growth and the yield of polymer was 0.9 g/liter. A fermentation controlled at pH 5.5 yielded 1.0 g/liter.
Cells removed from a fermentor during logarithmic growth and stained with India ink exhibited large capsules around the cells. Cells removed 48 h after inoculation, when the growth was complete, did not have capsules. The capsular material removed from the cells was found to contain appreciable amounts of D-glucosamine. The other was a homologous mixture of saturated monoglycerides which lowered the surface tension of water to 28 mN/m. Only the monoglycerides were soluble in chloroform, and extraction of the broth with this solvent substantially increased the surface tension. However, some of the lipid was retained in strong association with the polysaccharide. This did not involve a covalent bond because the lipid could be removed by ultrafiltration.
As well as monoglycenide, the crude bioemulsifier also contained a protein associated with the polysaccharide. This protein was extracted into the emulsion interface with the active agent (Fig. 1) . Digestion of the crude emulsifier with pronase removed the protein component without decreasing the emulsifying activity. The bioemulsifier emulsan also has an associated protein fraction that is not essential for activity (19, 24) . Emulsan is also similar in composition to the B. cereus product, as they both contain appreciable amounts of hexosamines.
There are several examples, especially in the earlier studies, of biosurfactants that both lowered surface tension and stabilized emulsions (8, 17, 20, 22; Cooper and Goldenberg, submitted). Usually, these were complex polymeric compounds. A preliminary analysis of the crude emulsifier from B. cereus could also lead to the identification of a complex polymer of protein, carbohydrate, and lipid which could both lower surface tension and stabilize emulsions. It seems likely that further characterization of the earlier crude products would uncover polymer bioemulsifiers, lipid biosurfactants, and other fractions without surface activity.
The other Bacillus species produced a totally different and unusual type of emulsifier. These bacteria did not cause appreciable reduction of the surface tension of water, but 2 days after inoculation the addition of kerosene to a sample of broth, followed by agitation, resulted in an excellent emulsion. Furthermore, the bioemulsifier was extracellular, and removal of the biomass did not affect the activity.
The ability to stabilize emulsions was eliminated by a single extraction of the cell-free aqueous sample with chloroform. This was unusual because most of the bioemulsifiers produced by microbes are biopolymers, such as that produced by B. cereus (3, 16, 20; Cooper and Goldenberg, submitted).
Preliminary analysis of the lipid extract from the cell-free broth by TLC showed that the bioemulsifier was a single neutral lipid, a wax ester. This was also unusual because the surface-active neutral lipids, including esters, are normally isolated as mixtures (4, 9, 11, 14, 15) . In these earlier examples, however, the substrate was a hydrocarbon. The mixture of lipids could be the result of indiscriminate extraction of lipids from cellular membranes by the hydrocarbon phase (10, 13; Cooper and Goldenberg, submitted). This extraction mechanism is not operative for a single-phase medium.
All the media used in this study were a single, aqueous phase. It was not necessary to add a water-insoluble oil phase to induce either product. These results support the conclusion that, in general, bioemulsifiers are not produced by microorganisms to facilitate the uptake of an insoluble substrate (3, 19; Cooper and Goldenberg, submitted).
The major effect of hydrocarbons on biosurfactant recovery is probably to extract lipids from the cell membranes (10; Cooper and Goldenberg, submitted). This often results in mixtures of lipids being obtained (4, 9, 14) . In this study both bacteria yield a single type of extracellular lipid. Furthermore, the yield of the ester was as much as 1 g/liter. This is significantly greater than the yields of esters obtained from VOL. 53, 1987 the bacteria that metabolize hydrocarbons (11, 14, 15, 21) . This Bacillus species produced the ester in high yield but not because of the ability of the lipid to act as an emulsifier.
The fermentation data demonstrate that for both bacteria the production of surface-active agents is growth associated, but there are differences between the two microbes. For Bacillus sp. strain IAF 343 the strong correlation between lipid concentration and emulsion index confirms that the ester is the only emulsifier produced. There are examples in the literature of biosurfactants that are produced during the exponential growth phase and then decrease in concentration or only appear after growth is completed and cell lysis begins (2, 9) . This is not the case for Bacillus sp. strain IAF 343, as the concentration of lipid remained constant for several days after growth was complete.
B. cereus is an example of a bacterium in which cell lysis is important for production of the surface-active agents. Both the production of the polysaccharide emulsifier and the lipid, which decreases surface tension, increased as the biomass increased. The polysaccharide concentration, however, reached a maximum about 10 h after the biomass concentration, and the minimum surface tension was observed significantly later than this. Cells stained with India ink exhibited extensive capsules if the samples were taken during exponential growth, but this layer was not observed on older cells. Capsular material isolated from the cells contained significant amounts of glucosamine. The bioemulsifier appeared to be a capsular polysaccharide that was released into the culture medium. Several other bioemulsifiers have been shown to have a similar origin (4, 12, 19) .
Not only is the B. cereus monoglyceride strongly bound by the polymer but it is also essential for its solubility. If the lipid were not present, the bioemulsifier would have been removed from the system with the biomass. This suggests that the addition of the appropriate surfactant may help in the separation of other bioemulsifiers from the biomass.
The activity of the polymeric bioemulsifier dropped dramatically between pH 6.5 and 7 (Fig. 2) . This is a typical range for the protonation of a primary amine. The loss of positive charge on the glucosamine monomers, with increasing pH, removes the emulsifier properties of the polymer. There was a strong pH dependence in the ability of the esters to emulsify (Fig. 1) . The total loss of this property at extremely basic pH was irreversible. This indicates that the ester bond is hydrolyzed. These examples of pH sensitivity could be useful for applications in which an emulsion must first be formed and later coalesced quickly. For example, after emulsion pipelining of heavy crude oil, it is necessary to separate the oil and water phases before refining.
Although a change in pH affects the properties of the biopolymer from B. cereus, it does not reduce the yield. A fermentation controlled at pH 6.5 ( Fig. 3 ) produced 1.6 g of polysaccharide per liter. If the fermentation was carried out at pH 7.0 the yield was 1.7 g/liter, but there was no emulsion activity in the broth samples until the pH was adjusted to 6.5. This is additional proof that B. cereus does not produce the polymer because of its emulsifying properties.
Lowering the pH of the medium to below 6.5 decreased the product yield. If the fermentation was done without pH control, the pH dropped and the yield was reduced. The production and properties of the monoglyceride were not sensitive to any of the pH manipulations described above.
The mixture of esters isolated from Bacillus sp. strain IAF 343 was a very effective bioemulsifier. It was possible to obtain emulsion indices as high as 60 which corresponded to complete emulsification of the oil phase. However, it had a poor efficiency. A concentration of 0.65 g/liter was necessary to achieve maximum emulsification. Yield is the major factor in determining the cost of a biosurfactant (2, 6, 7) . Bacillus sp. strain IAF 343 converted 10% of the carbon source into biosurfactant. This conversion surpassed by a few of the microbes that produce extracellular glycolipids, but these have little, if any, emulsifying ability (3, 7, 8, 17) .
The monoglyceride was produced in good yield by B. cereus and was very effective at lowering the surface tension. Monoglycerides are currently used as surfactants and can be produced more cheaply from vegetable oils than by fermentation techniques. Results of this study have shown, however, that the addition of a surfactant to the emulsifying polysaccharide enhances its solubility. This greatly improves its dispersion in the system to be emulsified. Although the monoglyceride was not an emulsifier, it can improve emulsion stability by reducing interfacial tension between the two phases. Thus, B. cereus produces a polyhexosamine emulsifier, a proven class of bioemulsifiers, in conjunction with a biosurfactant which enhances its activity.
